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ABSTRACT 
A microwave system (K-band, 24~MCl was designed 
and assembled to study the degree of ionization in 
argon as a function of time or distance behind shock 
waves in a shock tube, The relaxation time for ioniz- 
ation and the attenuation and reflection of the micro- 
wave at equilibrium were measured for Mach numbers 
9 
from 6,19 to 7 ,74  at p of 5mm and lOmm Hg to deter- 1 
mine the influence of temperature, density, colli- 
sion cross-section and impurities, These measure- 
ments were complemented with theoretical calculation 
of microwave absorption and electron density at 
equilibrium for a Mach number range of 6 to 8 with 
initial pressures P1 of 1 mm to lOmm Hg, 
(Sections 11, 111, 1V) 
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I .  INTRODUCTION 
The p r e s e n t  work d e s c r i b e d  i s  p a r t  of a  g e n e r a l  s t u d y  
of t h e  dynamics  of r e a c t i n g  g a s e s .  The p r o b l e m s  a r e  v e r y  
complex b e c a u s e  of t h e  s i m u l t a n e o u s  o c c u r r e n c e  of non- indep-  
e n d e n t  r e a c t i o n s  s u c h  a s  e x c i t a t i o n ,  d i s s o c i a t i o n ,  i o n i z -  
a t i o n  and c h e m i c a l  c h a n g e ,  The p a r t i c u l a r  phenomena c o n s i d -  
e r e d  h e r e  i s  t h e r m a l  i o n i z a t i o n  of t h e  g a s ,  To s i m p l i f y  t h e  
p r o b l e m  f u r t h e r  a  s i m p l e  g a s  [ a r g o n )  i s  c h o s e n  f o r  t h i s  
s t u d y .  I t  i s  hoped  t h a t  a f t e r  a t t a i n i n g  a  b e t t e r  u n d e r -  
s t a n d i n g  of t h e  r e a c t i o n s  of t h i s  g a s ,  t h e  t e c h n i q u e s  d e v e l -  
oped c a n  b e  a p p l i e d  t o  more complex  g a s  m i x t u r e s  ( i , e ,  a i r ) .  
The e x p e r i m e n t s  a r e  a l l  f o c u s s e d  on c o n d i t i o n s  be-  
h i n d  t h e  i n c i d e n t  s h o c k  wave d e v e l o p e d  i n  a  s h o c k  t u b e ,  
1 The mechanism of i o n i z a t i o n  s t a r t s  a s  s o o n  a s  t h e  s h o c k  
p a s s e s  t h r o u g h  t h e  g a s ,  s e t t i n g  i t  i n  m o t i o n  and  g i v i n g  
t h e  g a s  a h i g h  e n t h a l p y ,  The g a s  p a r t i c l e s  w i l l  t r a n s f e r  
t h e i r  t r a n s l a t i o n a l  e n e r g y  t o  o t h e r  d e g r e e s  of f r e e d o m  a n d  
may e v e n t u a l l y  b r i n g  a b o u t  e x c i t a t i o n  and  i o n i z a t i o n  by :- 
( a )  t h e r m a l  a t o m  - atom c o l l i s i o n  
( b )  t h e r m a l  e l e c t r o n  - a t o m  c o l l i s i o n  
( c  ) p h o t  o i o n i z a t  i o n  
Which of t h e  a b o v e  processes vl~ ' e lB  p r e d o m i n a t e  d u r i n g  t h e  
9' 
n o n - e q u i l i b r i u m  p e r i o d  w i l l  d e p e n d  p r i m a r i l y  on t h e  number 
density and energy level of the particles and their effec- 
tive collision cross-sections. Ideally, these factors will 
completely determine the relaxation time of this process, 
In practice, one must not neglect the effects of minute 
amounts of .impurities on the rate of ionization even 
though the contributions of electrons from these impurities 
does not affect the equilibrium level, 
At present measurements of the rate and degree of 
ionization of gases are hampered by the lack of means to 
measure them accurately, particularly in regions of low 
electron density and fast reaction time, The methods and 
techniques used thus far are reviewed in ref. 2,3. Using 
microwaves as probes (spatial resolution limited by the 
wavelength employed) will reduce some of these problems 
and has the added advantage of not introducing any foreign 
element into the flow. Microwaves have long been used in 
the investigation of ionized gases, but only recently have 
4,34 
they been used for the study of the properties of plasmas 
generated in shock tubes. In using electromagnetic waves 
to probe the ionized gas, we are primarily interested in 
the disturbance (absorption and seatter) of the propag- 
ating waves by the gas, rather than the disturbance of the 
gas by the wave field. This physical situation depends on 
the strength and frequency of the impressed signal, the 
free charge and particle densities and whether or not the 
a t o m s  and m o l e c u l e s  h a v e  p e r m a n e n t  d i p o l e s ,  The m i c r o -  
waves  (24KMCf u s e d  a r e  of  s u c h  s m a l l  a m p l i t u d e  t h a t  no  
componen ts  of t h e  g a s  o t h e r  t h a n  t h e  e l e c t r o n s  b o t h  
f r e e  and  bound a r e  s i g n i f i c a n t l y  d i s t u r b e d ,  Thus t h e  
a t t e n u a t i o n  and  r e f l e c t i o n  of t h e  mic rowaves  i n  t h e  
i o n i z e d  g a s  w i l l  d e p e n d  on t h e  c o l l i s i o n  f r e q u e n c i e s  of 
e l e c t r o n  and  a t o m s ,  i m p r e s s e d  wave f r e q u e n c y  and  t h e  
p l a s m a  f r e q u e n c y  i n  t h e  e x p e r i m e n t a l  s e t - u p ,  The t h e o r y  
d e r i v e d  d o e s  n o t  t a k e  i n t o  a c c o u n t  t h e  t e m p e r a t u r e ,  
p r e s s u r e ,  v e l o c i t y  and  s p e c i e s  g r a d i e n t s  n e a r  t h e  w a l l s  
of t h e  s h o c k  t u b e  w h i c h  w i l l  a d d  t o  t h e  c o m p l i c a t i o n  i n  
t h e  i n t e r p r e t a t i o n  of o u r  d a t a .  S e e  r e f e r e n c e  ( 3 0 )  f o r  
a m p l i f i c a t i o n ,  
The p u r p o s e  of t h i s  p a p e r  i s  a  p r e l i m i n a r y  s t u d y  i n  
t h e  u t i l i z a t i o n  o f  mic rowave  t e c h n i q u e  t o  d e t e r m i n e  t h e  
r a t e  a n d  d e g r e e  of t h e r m a l  i o n i z a t i o n  of a r g o n  b e h i n d  
s h o c k  waves  g e n e r a t e d  i n  a  s h o c k  t u b e  (6 .19  -C M s 7 . 7 4 ,  
pl= 5,lOmm). Only  t h e  m e a s u r e m e n t s  of o v e r a l l  a t t e n -  
u a t i o n  [ a b s o r p t i o n  + r e f l e c t i o n )  of  t h e  m i c r o w a v e s  a t  
e q u i l i b r i u m  c o n d i t i o n s  b e h i n d  t h e  i n c i d e n t  s h o c k s  a r e  
compared w i t h  t h e o r e t i c a l  v a l u e s .  The t h e o r e t i c a l  c a l -  
c u l a t i o n s  i n  t h e  f o l l o w i n g  s e c t i o n s  ( T I ,  111, I V )  con- 
t a i n  t h e  e q u i l i b r i u m  c o n d i t i o n s  [ t e m p e r a t u r e ,  p r e s s u r e ,  
e l e c t r o n  d e n s i t y ,  a t t e n u a t i o n  f a c t o r )  b e h i n d  t h e  s h o c k  
waves  a t  v a r i o u s  i n i t i a l  p r e s s u r e  c o n d i t i o n s *  
11. THERMAL IONIZATION I N  GASES 
D e g r e e  of I o n i z a t i o n  a t  E q u i l i b r i u m .  -
D e r i v a t i o n  of Saha  E q u a t i o n .  5  
T h i s  e q u a t i o n  r e l a t e s  t h e  d e g r e e  of i o n i z a t i o n  o r  
e l e c t r o n  d e n s i t y  t o  t h e  t e m p e r a t u r e  and  p r e s s u r e  a t  e q u i l i b -  
r i u m  c o n d i t i o n s ,  a n d  i s  i n d e p e n d e n t  of t h e  r e a c t i o n  c h a i n  by 
w h i c h  e q u i l i b r i u m  i s  r e a c h e d ,  
The a s s u m p t i o n s  made i n  t h e  d e r i v a t i o n  of t h e  equa-  
t i o n  f o r  a r g o n  a r e :  
( a )  Each s p e c i e  of t h e  s y s t e m  i s  t r e a t e d  a s  a  p e r -  
f e c t  g a s .  T h a t  i s  t h e  body f o r c e s  b e t w e e n  p a r -  
t i c l e s  a r e  assumed s m a l l  and  h a v e  n e g l i g i b l e  
e f f e c t  on t h e r m a l  and  p h y s i c a l  p r o p e r t i e s  of 
t h e  e n t i r e  g a s ,  T h i s  a s s u m p t i o n  w i l l  h o l d  a s  
l o n g  a s  t h e  d e n s i t y  i s  m o d e r a t e .  
( b )  A l l  t h e  n e u t r a l  a t o m s  a r e  u n e x c i t e d  ( e r r o r  i s  
l e s s  t h a n  1% f o r  T-- 1 5 , 0 0 0 ~ ~ )  8 
( c )  The i o n i z e d  a toms  a r e  i n  two p o s s i b l e  s t a t e s ,  
For  a  r e a c t i o n  
w h i c h  t a k e s  p l a c e  a t  c o n s t a n t  T  a n d  P, t h e  c h a n g e  i n  t h e  
G i b b s  f u n c t i o n  G ,  
dG = o a t  e q u i l i b r i u m  
';P 
when 
- c h e m i c a l  p o t e n t i a l  of t h e  j 
c o n s t i t u e n t  of t h e  p h a s e  i n  
que,st  i on 
6 =  Z/&< =/& 
The e q u a t i o n  of t h e  r e a c t i o n  a t  e q u i l i b r i u m  i s  
The r i g h t - h a n d  number i s  a  q u a n t i t y  w h i c h  i s  a  f u n c t i o n  o n l y  
of t h e  t e m p e r a t u r e  a n d  i s  d e n o t e d  by I n  K ,  where  K i s  t h e  
e q u i l i b r i u m  c o n s t a n t  
Also - X - where G is the free = - dG 
pY. -%- ZZ .ejr  
energy at p. 
6 To evaluate/' we shall turn to quantum statistics . 
The Helmholtz free energy of an assembly of Ni particles 
A'. = absolute activity 
Bp = statistical weight 
Above equation may be applied to Fermi-Dirac, Bose-Einstein 
and Maxwell-Boltzmann statistics. 
(a) Statistics for classical systems can be derived as 
limiting case for either Fermi-Dirac or Bose-Einstein form- 
ula by assuming A<' / 
Then ,IL = Ni = number of particles 
(7) 
fi(T) = partition function 
This means the number of particles is small compared to the 
accessible lower energy states. The approximation is ade- 
quate as long as the separation between quanta1 energy levels 
are small compared with all other energy quantities rele- 
vant to the particular problem. 
( b )  Assume p a r t i t i o n  f u n c t i o n  c a n  b e  g i v e n  by t h e  
p r o d u c t s  o f  p a r t i t i o n  f u n c t i o n s  of d i f f e r e n t  
modes of d e g r e e  of f r e edom,  i t e ,  p a r t i t i o n  func -  
t i o n s  a r e  s t i l l  s e p a r a b l e  f a c t o r s - - c a n  u n c o u p l e  
t r a n s l a t i o n a l  and  i n t e r n a l  e n e r g y ,  
The p a r t i t i o n  f u n c t i o n  f o r  a n  a t o m  becomes :  
if4 = 4W5.(7/q. f . /  = @-.)/;.w 
= e ' ~ ~ ) / l i f ? - )  
f o r  i n t e r n a l  e n e r g i e s  ( e l e c t r o n i c  and  n u c l e a r )  
n i ( T )  = 1  f o r  p r e s e n t  a p p l i c a t i o n ,  
( c )  I n t e r a c t i o n s  b e t w e e n  a toms  have  n e g l i g i b l e  e f f e c t ,  
( d l  No e x t e r n a l  f i e l d  e x c e p t  l o c a l  b o u n d a r y  f i e l d s  
e x i s t s ,  
The c h e m i c a l  p o t e n t i a l  p e r  p a r t i c l e  becomes : 
Chemica l  p o t e n t i a l  f o r  N i  p a r t i c l e s ,  
A t  e q u i l i b r i u m  
d G  = y ' = o  
F o r  t h e  r e a c t i o n  - i o n i z a t i o n  of a r g o n  
F o r  
A&+ = 3 /7 - - / f C = Y ) = /  4 1 A 
L e t  o( = d e g r e e  of i o n i z a t i o n  
j, + (TI i s  t h e  i n t e r n a l  p a r t i t i o n  f u n c t i o n  f o r  t h e  i o n i z e d  
a t o m ,  F o r  t h e  r a r e  g a s  i o n s  t h e  l o w e s t  l y i n g  l e v e l s  a r e  
p3 2pl  w i t h  a  s m a l l  e n e r g y  d i f f e r e n c e  E l  b e t w e e n  
1 2  1 2  
9 
l e v e l s  w i t h  d i f f e r e n t  J v a l u e s  
.A 
( )  = + + re" 4 -k z 2060 
Assume j A ( T )  = 1. S i n c e  we a r e  c o n s i d e r i n g  t h e  z e r o  g r o u n d  
s t a t e  a s  t h o s e  e l e c t r o n s  bound t o  t h e  a t o m s ,  t h e  f r e e  e l e c -  
t r o n s  a r e  a t  a n  e n e r g y  s t a t e  of I, w i t h  a  w e i g h t  f a c t o r  of 
2 t o  a c c o u n t  f o r  t h e  s p i n  of - -t $. 
go = = i o n i z a t i o n  p o t e n t i a l  = 1 5 . 7  e v .  
The S a h a  e q u a t i o n  i s  
3 E l e c t r o n  d e n s i t y  ( e l e c t r o n s l c m  ) 
N o  = Avogadro  No. 
R = 8 . 3 1 ~ 1 0 '  e r g s  
mode OK 
111. SHOCK TUBE RELATIONS 
The process of ionization is initiated by the pas- 
sage of the shock front through the gas. Figure (21) shows 
a schematic drawing of the shock tube before and during a 
run. A diaphragm separates the high pressure chamber 
(4, filled with helium) and the low pressure chamber (1, 
filled with argon). When the diaphragm fractures a series 
of waves progresses downstream through the gas. The local 
velocity of sound for these waves is no longer constant. 
For a particular class of solution of the one-dimensional 
gas equation 
The wave speed is given by 
a - speed of sound in undisturbed fluid 1 
u - particle or gas velocity 
Thus from the above equation the wave speed is higher than 
al in regions of condensation ( ,urfi ) and lower than al in 
regions of rarefaction. This means the wave distorts as it 
propagates, the net effect is to steepen the compression 
regions and to flatten the expansion regions. The compress- 
ion wave steepens and reaches an equilibrium state, balanced 
by the viscous stresses and pressure forces, a few dia- 
meters of tube from the diaphragm, It is then a shock 
wave. On the other hand, a family of expansion waves 
propagates into regions (4) and will always remain isen- 
tropic for they tend to flatten and so further reduce the 
velocity and temperature gradients, 
Following the shock wave is the contact. surface or 
cold front which acts like a piston surface and also sep- 
arates the two gases ahead and behind the diaphragm, The 
pressure and velocity is continuous across the surface but 
the density is not, assuming negligible diffusion between 
the gases, 
The assumptions made in the derivation of the shock 
relations are: 
(1) heat losses and wall friction [viscous effects) 
are neglected, 
C2) each species of the gas is treated as perfect, 
For the case of no ionization, the conditions be- 
hind the incident and reflected shock are given in ref, ( 7 )  
The following will contain the derivation of equilibrium 
conditions (temperature, density, pressure) behind the 
incident and reflected shock waves, 
8 
C o n d i t i o n s  b e h i n d  I n c i d e n t  S h o c k  w i t h  I o n i z a t i o n  
- 
( 4 )  A =  .t P/ = S ~ / + = ~ J R T  4 d ~ 6  + P d ""r 0 
e= i o n i z a t i o n  p o t e n t i a l  ( K )  
e x c i t a t i o n  e n e r g y  o f  P =  a r g o n  i o n  ( O K )  
I n  t h e  c a l c u l a t i o n  of  t h e  e n t h a l p y  of t h e  i o n i z e d  g a s  w e  
h a v e  n e g l e c t e d  e x c i t a t i o n  e n e r g i e s  (,L? 1 of  t h e  p a r t i c l e s .  
T h u s  t h e  r e s u l t i n g  f o r m u l a e  w o u l d  b e  v a l i d  o n l y  f o r  t e m p e r a -  
t u r e s  l e s s  t h a n  1 6 , 0 0 0 ~ ~ .  
E q u a t i o n s  1 a n d  2 
S u b s t i t u t e  i n t o  , 3  
S u b s t i t u t e  i n  , 4 ,  
R e l a t i v e  t o  s h o c k  
C o m b i n i n g  e q u a t i o n s  ,10 a n d  , 8  
F o r  s h o c k  wave  m o v i n g  i n t o  a  n o n - i o n i z e d  r e g i o n  (dl = o )  
( a )  D e n s i t y  R a t i o  
( b )  P r e s s u r e  R a t i o  
( c )  T e m p e r a t u r e  R a t i o  
( d l  D e g r e e  o f  I o n i z a t i o n  
S o l u t i o n  of I t e r a t i v e  P r o c e d u r e  
(1) F o r  p a r t i c u l a r  Mach number M s ,  p r e s s u r e  p l ,  
t e m p e r a t u r e  T,, assume a n  2 a 
( 2 )  Compute P. T. & , ML' 
' 7 '  P 
( 3 )  If: t h e  v a l u e  of  o;' d o e s  n o t  a g r e e  w i t h a . & t o  f o u r  
s i g n i f i c a n t  f i g u r e s ,  r e c o m p u t e  % ' u s i n g  a  new 
5 = o r i g i n a l  o(, + I % -  * : I  
3 
( 4 )  When t h e  v a l u e s  of a g r e e ,  u s e  t h i s  v a l u e  of oc,' 
f o r  t h e  i n i t i a l  g u e s s  of t h e  n e x t  Mach number 
The i t e r a t i v e  p r o c e d u r e  was  f i r s t  c o m p u t e d  u s i n g  t h e  s l i d e  
r u l e  t o  c h e c k  o u t  t h e  a c c u r a c y  of e q u a t i o n s  and  r a t e  of 
c o n v e r g e n c e .  V a l u e s  u s e d  i n  t h e  c o m p u t a t i o n s  w e r e  o b t a i n e d  
by  u s i n g  IBM 709 a t  t h e  c o m p u t i n g  c e n t e r  of t h e  U n i v e r s i t y  
of C a l i f o r n i a  a t  Los A n g e l e s .  The maximum number of i t e r -  
a t i v e  s t e p s  programmed f o r  was  1 0 0 ,  b u t  u s u a l l y  l e s s  t h a n  
3 0  s t e p s  w e r e  n e c e s s a r y  ( f i g u r e s  1 - 5 ) .  
I o n i z a t i o n  b e h i n d  R e f l e c t e d  Shock 
/ 
(6) V p, 
E q u a t e  ' 3  and ( 4 ,  
E q u a t e  (6 and ( 7 ,  
Iterative process: 
(a) Guess a value of p=f . 
(b) Compute Er , d s ,  $ , 4 ) .  
P. 
(c) If value of 4; does not agree with o(, to four 
significant figures, recompute for a second 
guess for f i  . 
p. 
(dl When the values of d agree use the value of ,Es e. 
for the initial guess of the next Mach number. 
This process was done also on the 1,B.M- 709. See 
figures (6-10) 
The graphs show the differences between the pres- 
sure, temperature and density conditions with and without 
ionization, With ionization the pressure and density 
are increased, whereas the temperature is decreased as a 
result of an increase in the number density of particles 
present, These effects are not appreciable until the 
temperature conditions are greater than 5000°~, 
T r a n s f o r m a t i o n  of Time S c a l e  
- 
The t i m e  s c a l e  we m e a s u r e  i n  i s  t h e  l a b o r a t o r y  s y s t e m ,  
The t i m e  w h i c h  we a r e  i n t e r e s t e d  i n  i s  t h e  t i m e  r e l a t i v e  t o  
t h e  shock  w a v e .  The c o n v e r s i o n  c a n  b e  made e a s i l y  by o b s e r v -  
i n g  t h e  x - t d i a g r a m ,  
t i c l e  p a t h  
A f l u i d  p a r t i c l e  i s  s t a t i o n a r y  i n  x l  and  a s  t h e  s h o c k  p a s s e s  
t h e  f l u i d  p a r t i c l e  i s  s e t  i n t o  m o t i o n  w i t h  v e l o c i t y  u2, We 
( l a b o r a t o r y  s y s t e m )  a r e  o b s e r v i n g  t h e  p r o c e s s  a t  p o s i t i o n  x2, 
a n d  t h e  t i m e  we measu red  i s  t The t i m e  r e l a t i v e  t o  t h e  
s h o c k  i s  t and  t h e  f l u i d  e l e m e n t  h a s  t r a v e l l e d  a  d i s t a n c e  
b e f o r e  we o b s e r v e  i t ,  
) = Cd- f'Ju, = 5% 
From c o n t i n u i t y  e q u a t i o n  
The f l u i d  p a r t i c l e  i s  s t a t i o n a r y  b e h i n d  t h e  r e f l e c t e d  s h o c k  
a n d  h e n c e  t = t1 i n  t h a t  c a s e ,  
I V .  ELECTROMAGNETIC THEORY 
( a )  D e r i v a t i o n  of  t h e  a t t e n u a t i o n  f a c t o r  P 
I n  o r d e r  t o  d e t e r m i n e  t h e  a t t e n u a t i o n  f a c t o r  of t h e  
e l e c t r i c  a n d  m a g n e t i c  v e c t o r s  of t h e  i m p r e s s e d  f i e l d ,  it i s  
n e c e s s a r y  t o  o b t a i n  t h e  v e l o c i t y  d i s t r i b u t i o n  o f  t h e  e l e c -  
t r o n s .  T h i s  v e l o c i t y  d i s t r i b u t i o n  c a n  b e  o b t a i n e d  b y  a n  
o v e r a l l  s o l u t i o n  o f  B o l t z m a n n ' s  e q u a t i o n .  3 1 However  f o r  
t h e  c a s e  o f  r o u g h l y  c o n s t a n t  mean f r e e  p a t h  a n  a p p r o x i m a t e  
e q u a t i o n  w h e r e  t h e  c o l l i s i o n  i n t e g r a l  i s  r e p l a c e d  by  a  c o l -  
l i s i o n  f o r c e  i s  q u i t e  a d e q u a t e .  I n  a d d i t i o n  t h e  f o l l o w i n g  
a s s u m p t i o n s  a r e  made:  
( a )  t h e  i o n i z e d  medium i s  i s o t r o p i c  a n d  c h a n g -  
i n g  w i t h  t i m e .  
( b )  t h e  e l e c t r o m a g n e t i c  w a v e s  p r o p a g a t i n g  i n t o  
t h e  medium a r e  p l a n e - p o l o r i z e d ,  h a r m o n i c  
t i m e  d e p e n d e n t .  
F o r c e  on t h e  a v e r a g e  e l e c t r o n  
4 .  f *t * f 
E l e c t r i c  f o r c e  
M a g n e t i c  f o r c e  
Damping o r  
c o l l i s i o n  f o r c e  
J c  i s  t h e  c o l l i s i o n  f r e q u e n c y  a n d  i t s  e v a l u a t i o n  i s  
g i v e n  i n  p a r t  ( b )  o f  t h i s  s e c t i o n .  
* j f a g -  -3 = mdv' 
M a x w e l l ' s  E q u a t i o n s  d 3  
--C p = - $2 
/JZ- J, = c o n v e c t i o n  c u r r e n t  
L 
m z  = JT = 4-rC &* = ad= d u e  t o  e l e c t r o n s .  
d t  t2i 
T h u s  s o l u t i o n  o f  t h e s e  e q u a t i o n s  f o r  w a v e  m o t i o n s  w i l l  b e  
S i n c e  E a n d  H a r e  h a r m o n i c  t i m e  d e p e n d e n t  
-L fizz j p w n  
4 
~ x 2 s  - 4 ' w e F  
M a x w e l l ' s  e q u a t i o n s  p o s s e s s  c e r t a i n  s y m m e t r y  i n  3, ; 
t h u s  - 4 5 . H  =&s 2. - d i r e c t i o n  o f  p r o p a g a t i o n  
/ee = 5. u - p h a s e  v e l o c i t y  
The r e l a t i v e  s i z e  o f  t h e  m a g n e t i c  a n d  e l e c t r i c  f o r c e s  on 
a  mov ing  c h a r g e  i s  
F o r  o u r  p r o b l e m  we may n e g l e c t  t h e  e f f e c t  of  t h e  m a g n e t i c  
f o r c e .  C o n s i s t e n t  w i t h  t h e  a b o v e  a p p r o x i m a t i o n  we c a n  a s -  
sume / i s  a  s c a l a r  a n d  i s  e q u a l  t o  
f o  
The e q u a t i o n  of f o r c e  now b e c o m e s  
D i f f e r e n t i a t e  w i t h  r e s p e c t  t o  t i m e  ( t w o  t i m e s )  
J'S - J%+ - * $ ~ k  
a s  - 3 d7. 
m dt' 
+ 
Assume h a r m o n i c  t i m e  d e p e n d e n c e  f o r  2 and / 
The  c o n v e c t i o n  c u r r e n t  d u e  t o  e l e c t r o n s  i s  
* - p l a s m a  f r e q -  
u e n c y .  
The t o t a l  c u r r e n t  i s  e q u a l  t o  t h e  c o n v e c t i o n  p l u s  t h e  
d i s p l a c e m e n t  c u r r e n t .  
The d i e l e c t r i c  c o n s t a n t  of t h e  g a s  i s  a  complex  s c a l a r .  
The e l e c t r i c  f i e l d  i s  g i v e n  by 
e r (&t -  4%)  
E t E ,  e 
w h e r e  
The p r o p a g a t i o n  c o n s t a n t  kX  i s  a  complex  q u a n t i t y .  
The e l e c t r i c  f i e l d  i s  g i v e n  by 
P i s  t h e  a t t e n u a t i o n  c o e f f i c i e n t .  
A p p l i e d  t o  t h e  e x p e r i m e n t  w h e r e  we c o n s i d e r e d  o n l y  p l a n e  
t r a n s v e r s e  e l e c t r o m a g n e t i c  wave ( t e m )  b e i n g  e m i t t e d  f r o m  
t h e  mic rowave  a p p a r a t u s ,  we n e e d  o n l y  c o n s i d e r  a t t e n u a t i o n  
of t h e  e l e c t r i c  f i e l d  i n  t h e  d - d i r e c t i o n  
U s i n g  t h e  a l t e r n a t i v e  method  of r e f ,  ( 2 7 )  we c a n  w r i t e  t h e  
c u r r e n t  i n  t e r m s  of a  complex  c o n d u c t i v i t y .  
c u r r e n t  i s  n o t  i n  p h a s e  
w i t h  f i e l d .  
= C zC ohmic t y p e  b e h a v i o u r  of t h e  medium 
uLt +ICb 
9 = %&up= f r e e  e l e c t r o n  t y p e  b e h a v i o u r  of t h e  medium 
W *  f t)CL 
where  
L e t  
2 The a p p r o x i m a t e  v a l u e  f o r  s m a l l  v a l u e s  of b  cc!, 
c o l l i s i o n  f r e q u e n c y  i s  s m a l l  
N e g l e c t i n g  t h e  f i r s t  two t e r m s  i n  t h e  d e n o m i n a t o r  
A t t e n u a t i o n  of t h e  mic rowaves ,  c o l l i s i o n  f r e q u e n c y  v e r s u s  
Mach number f o r  v a r i o u s  pl a r e  p l o t t e d  i n  f i g u r e s  ( 1 3 - 1 7 ) .  
R e f e r e n c e  (27) g i v e s  p l o t s  of  t o t a l  a t t e n u a t i o n  p e r  
u n i t  p a t h  l e n g t h  of g a s  e-ra a n d  m e a s u r a b l e  p h a s e  
5 
s h i f t  - J~ ( d  a n d p  i n  u n i t s  of %$ , c -  p h a s e  C@ % 
v e l o c i t y  i n  l o s s l e s s  d i e l e c t r i c )  v e r s u s  2 , f o r  s e v e r a l  
v a l u e s  of t h e  c o l l i s i o n  p a r a m e t e r  2 f r om 0  t o  10 .  I n  
t h e  i d e a l i z e d  c a s e  of z e r o  c o l l i s i o n s  t h e  v a l u e  wp = w 
s h a r p l y  d i v i d e s  t h e  b e h a v i o r  of t h e  medium i n t o  two d i s -  
t i n c t  r e g i m e s ,  one d i e l e c t r i c ,  w e  w whe re  t h e  wave p ro -  P' 
p a g a t e s  w i t h o u t  a t t e n u a t i o n ,  and  t h e  o t h e r  r e a c t i v e ,  
w > w  whe re  t h e  wave becomes e v a n e s c e n t .  The e f f e c t  of 
P' 
c o l l i s i o n  t e n d s  t o  smooth ou t  t h e  t r a n s i t i o n  be tween  t h e s e  
two  r e g i m e s ,  For  f u r t h e r  d i s c u s s i o n  s e e  t h e  above  men t ioned  
r e p o r t .  10 
(b) C o l l i s i o n  F r e q u e n c y  f o r  Argon  
v+ The c o l l i s i o n  f r e q u e n c y  i s  g i v e n  b y  4. 
1, i s  t h e  mean f r e e  p a t h  of  e l e c t r o n s  b e t w e e n  momen- 
tum t r a n s f e r  c o l l i s i o n s  ( e l a s t i e l w i t h  a r g o n  a t o m s  
v e ,  i s  t a k e n  t o  b e  t h e  e q u i l i b r i u m  r . m . s .  v e l o c i t y  
of  t h e  e l e c t r o n  = & 
T h i s  i s  a n  a p p r o x i m a t i o n ,  
The  mean f r e e  p a t h  ( A p p e n d i x )  may b e  r e l a t e d  i n v e r s e l y  
t o  t h e  number d e n s i t y  o f  t h e  g a s  m o l e c u l e s  N ,  a n d  t h e  c o l -  
l i s i o n  c r o s s - s e c t i o n  of a  g a s  m o l e c u l e  A .  T h u s  t h e  c o l l i s -  
i o n  f r e q u e n c y  i s  g i v e n  b y  
f o r  T  = Te t e m p e r a t u r e  of  t h e  g a s  
The c o l l i s i o n  c r o s s - s e c t i o n  f o r  a r g o n  w a s  o b t a i n e d  
f r o m  a  l i t e r a t u r e  s u r v e y  of  e x p e r i m e n t a l  v a l u e s .  T h e r e  
i s ,  h o w e v e r ,  a  l a c k  o f  v a l u e s  i n  t h e  r e g i o n  o f  l o w  e l e c t r o n  
e n e r g y  ( . 5 e v  o r  5 8 0 0 ' ~ ) .  The d a t a  c o l l e c t e d  f r o m  t h e  many 
e x p e r i m e n t s  ( f i g .  1 1 , 1 2 1  show f a i r l y  l a r g e  d i s a g r e e m e n t ,  
v a l u e s  d i f f e r i n g  b y  a  f a c t o r  of a b o u t  s i x .  T h e s e  c u r v e s  
show t h e  a n o m a l o u s  R a m s a u e r  e f f e c t  ( A p p e n d i x )  . Unf o r t u n -  
a t e l y  o u r  e x p e r i m e n t a l  c o n d i t i o n s  a r e  i n  t h e  r e g i o n s  w h e r e  
t h e  c r o s s - s e c t i o n  i s  a t  a  minimum. 
T h e s e  m e a s u r e m e n t s  w e r e  o b t a i n e d  p r i n c i p a l l y  b y  t w o  
m e t h o d s  : 
( i )  D i r e c t :  T h i s  s c h e m e  w a s  f i r s t  a s s e m b l e d  b y  
R a m s a u e r .  H i s  a p p a r a t u s  w a s  b u i l t  s o  t h a t  
h e  c o u l d  m e a s u r e  t h e  i n t e n s i t y  o f  t h e  e l e c t r o n -  
beam a s  a  f u n c t i o n  o n l y  o f  e l e c t r o n  v e l o c i t y ,  
The e l e c t r o n s ,  a c c e l e r a t e d  f r o m  a  s o u r c e  t o  a  
g i v e n  v e l o c i t y ,  w e r e  p a s s e d  i n t o  a  v e l o c i t y  
f i l t e r i n g  s y s t e m  c o n s i s t i n g  of  s e v e r a l  s l i t s  
t o  c o l l i m a t e  t h e  beam.  M e a s u r i n g  t h e  e l e c t r o n  
c u r r e n t  a t  o n e  p o i n t  a n d  l a t e r  a t  a n o t h e r  
p o i n t ,  t h e  c r o s s - s e c t i o n  w a s  t h e n  o b t a i n e d ,  
- **X 1 = I , e  The  a c c u r a c y  o f  t h i s  t y p e  
o f  m e a s u r e m e n t  d e p e n d e d  g r e a t l y  on t h e  w i d t h  
o f  t h e  s l i t .  
( i i )  I n d i r e c t :  T h i s  method was f i r s t  u s e d  by 
Townsend. The d r i f t  v e l o c i t y  M, of e l e c t r o n s  
moving t h r o u g h  a  g a s  u n d e r  t h e  a c t i o n  of a  
u n i f o r m  e l e c t r i c  f i e l d  was  r e l a t e d  t o  t h e  
f i e l d  i n t e n s i t y  3, r o o t  mean s q u a r e  v e l o c i t y  
u  and t h e  mean f r e e  p a t h  1 
W =  c t e /  
mu c  - n u m e r i c a l  f a c t o r  wh ich  
d e p e n d s  on t h e  v e l o c -  
i t y  d i s t r i b u t i o n .  
The v a l u e s  of  c o l l i s i o n  c r o s s - s e c t i o n  w h i c h  
w e r e  u s e d  i n  t h e  c a l c u l a t i o n s  t o  compute  t h e  
a t t e n u a t i o n  of t h e  mic rowaves  a r e  s p e c i f i e d  
on t h e  p l o t s .  
( c  ) P r o p a g a t i o n  of e l e c t r o m a g n e t i c  waves  t h r o u g h  a  s l a b  
of i o n i z e d  s a s  2 4  
I n  t h e  e x p e r i m e n t  t h e  i o n i z e d  g a s  i s  c o n f i n e d  be-  
tween  t h e  w a l l s  of t h e  s h o c k  t u b e  a n d  i s  i s o l a t e d  f rom t h e  
microwave  a p p a r a t u s .  The e l e c t r o m a g n e t i c  waves  c r o s s i n g  
t h e  i n t e r f a c e s  b e t w e e n  t h e  i o n i z e d  g a s  and  t h e  w a l l s  a r e  
s u b j e c t  t o  r e f l e c t i o n  l o s s e s  and  p h a s e  c h a n g e s .  The 
t r a n s m i t t e d  waves  mus t  t r a v e r s e  two i n t e r f a c e s  p l u s  t h e  
31. ionized medium ; the reflected waves will be influenced by 
reflections from the two interfaces and the intervening ion- 
ized gas, thus establishing the phase and amplitude of both 
signals. The incident waves are considered to be plane- 
polarized, transverse, harmonic time dependent. The assump- 
tion of the existence of similar reflected and transmitted 
waves, and positive and negative propagating waves within 
the ionized medium is made. 
Assuming p, = / a  =/u. (permeability) and kl = kg (same 
media) the reflection and transmission coefficients become: 
( - complex propagation constant 1 
A;. 
Note, this is a simplification of the actual problem. The 
electromagnetic waves, inaddition to passing through two 
interfaces and the ionized medium, must traverse the dielec- 
tric windows of the horns, However, the windows have been 
made to be transparent to the microwaves. (see Section V.) 
V. EXPERIMEMTAL APPARATUS AND PROCEDURE 
Shock Tube Facility and Instrumentations 
An 8.2 centimeter square shock tube of commercial 
cold rolled steel with 1.59 centimeter thick walls and 360 
centimeter in length was used in this experiment. The high 
pressure chamber also of the same material was circular in 
cross-section, 11.4 centimeter in diameter, and was 18.8 
centimeter in length, Circular flanges with 0 ring grooves 
were welded to the mating ends of the two sections. The 
diaphragms were held in position by dowel pins and 0 rings, 
and the two ends connected together by a threaded sleeve. 
Ports on the sides of the tube were provided for film heat 
gauges to measure shock velocities and for the microwave 
horns. 
The gas manifold system (fig.19) in the low pressure 
end of the tube was designed to handle the test gas and 
evaculation of the chamber. Circle seal plug valves were 
used throughout the system. 
The vacuum pumping system consisted of a Consolidated 
Vacuum Corporation MCF-60 oil diffusion pump, using Dow 
Corning 703 Silicone oil, backed by a Kinney KC-8 double 
stage mechanical pump. 
The leak rate for the tube was determined to be 
about 1-5,a per minute. This was primarily due to leakage 
at the ports where the heat gauge plugs and microwave horns 
were inserted. The vacuum sealing was accomplished by a 
sliding circular "0" ring which sat in a groove on the 
plugs and horns, We found this type of seal for high 
vacuum to be highly unsatisfactory but it could not be 
changed. A flow system was designed for removal of the 
residue gases and the reduction of impurities in the tube. 
The pressure of the chamber at very low values was 
measured by a Consolidated Vacuum Corporation Phillip Gauge 
PH6-69; the test gas pressure for the experimental run was 
measured by a Wallace and Tiernan dial gauge (least reading 
0.1 mm Hg). The uncertainty in measuring pl is about two 
percent. 
The diaphragms used were DuPont mylar of thickness 
.001 to .O1 inches. Several layers of mylar were used to 
obtain the desired thickness and strength to acquire the 
pressure ratio at which the diaphragms could burst by them- 
selves. Shock velocities at similar conditions were repro- 
duced to within one percent, 
The thin platinum heat gauges, designed by Rabinowitz 
3 3 
were employed to measure shock velocities. The heat gauges 
were stationed either 67.7 cm or 10 cm apart. The voltage 
output of these gauges were fed into a Technology Instru- 
m e n t a t i o n  Company Type  500  A ,  1 0 0 0  g a i n  w i d e  b a n d  a m p l i f i e r  
w h i c h  i n  t u r n  w a s  c o n n e c t e d  t o  t h e  B e r k e l e y  Model  7362 
c o u n t e r  ( l e a s t  c o u n t  of  / s ) .  The f i r s t  h e a t  g a ~ ~ g e  s r v e d  r" 
t o  t r i g g e r  b o t h  t h e  c o u n t e r  a n d  o s c i l l o s c o p e  s i m u l t a n e o u s l y ,  
A t r a n s i t o r i z e d  t r i g g e r  a m p l i f i e r  w a s  u s e d  t o  g i v e  a  s h a r p  
s p i k e  t o  t h e  i n p u t  s i g n a l  f r o m  t h e  h e a t  g a u g e  t o  t h e  o s c i l -  
l o s c o p e  i n  o r d e r  t o  o b t a i n  c o n s i s t e n c y  a n d  a c c u r a c y  i n  t r i g -  
g e r i n g .  S e t t i n g  t h e  o s c i l l o s c o p e  t o  t r i g g e r  a t  5 v o l t s ,  t h e  
s w e e p  w a s  n o t  d e l a y e d  m o r e  t h a n  J r s  . W i t h  t h e  a v e r a g e  
t r a n s i t  t i m e  of  t h e  s h o c k  wave  a c r o s s  t h e  f a c e  o f  a  h e a t  
g a u g e  f,&s , t h e  u n c e r t a i n t y  i n  t h e  m e a s u r e d  s h o c k  v e l o c -  
i t y  i s  a b o u t  t w o  a n d  o n e - h a l f  p e r c e n t .  
The f o l l o w i n g  p r o c e d u r e  w a s  e s t a b l i s h e d  f o r  s e t t i n g  
u p  t h e  s h o c k  t u b e .  
( i )  C l e a n  t u b e  of d i a p h r a g m  f r a g m e n t s .  
( i i )  I S e a l  t u b e  w i t h  c o r r e c t  d i a p h r a g m .  
( i i i )  E v a c u a t e  a n d  f l u s h  w i t h  a r g o n  t h e  low 
p r e s s u r e  s e c t i o n .  
( i v )  E v a c u a t e  t h e  t u b e  t o  .3/ Hg. 
( v )  S e t  t h e  f l o w  s y s t e m  t o  g i v e  r e q u i r e d  
i n i t i a l  c o n d i t i o n s  ( . 0 3  g m s / m i n . )  
( v i  Tune  t h e  m i c r o w a v e  ( s e e  n e x t  s e c t i o n ) .  
( v i i )  P r e s s u r i z e  t h e  c o m p r e s s i o n  c h a m b e r  t o  
r e q u i r e d  p4  - 1 0 0  p s i .  
( v i i i )  R e t u n e  t h e  m i c r o w a v e .  
( i x )  I s o l a t e  t h e  p r e s s u r e  g a u g e s  a n d  s h u t  
o f f  t h e  f l o w .  
(x) S e t  o s c i l l o s c o p e ,  c a m e r a ,  a n d  c o u n t e r .  
( x i )  F i r e  t u b e .  
Microwave I n s t r u m e n t a t i o n  2 8 , 2 9  
A t  t h e  p r e s e n t  t i m e  m i c r o w a v e s  a r e  t h e  h i g h e s t  r a d i o  
f r e q u e n c i e s  employed  f o r  c o m m u n i c a t i o n ,  d e t e c t i o n ,  c o n t r o l  
a n d  n a v i g a t i o n ,  The f r e q u e n c y  r a n g e  i s  a p p r o x i m a t e l y  f r o m  
.3 t o  300 KMC w i t h  c o r r e s p o n d i n g  w a v e l e n g t h s  f r o m  100  t o  
, l c m ,  An i m p o r t a n t  a p p l i c a t i o n  w i t h  r e g a r d  t o  o u r  e x p e r -  
i m e n t  i s  t h e  a b i l i t y  t o  c o n c e n t r a t e  t h e  r a d i a t i o n  w i t h i n  
c o n e s  of a  f ew d e g r e e s  i n  w i d t h  a n d  t o  o p e r a t e  a t  h i g h  g a i n .  
T h i s  c a n  b e  d o n e  o n l y  i f  t h e  e f f e c t i v e  a p e r t u r e  of t h e  
a n t e n n a  i s  many w a v e l e n g t h s  w i d e .  
The mic rowave  n e t w o r k *  i s  shown i n  f i g  ( 1 8 ) .  Each 
component  i s  d e s i g n e d  t o  m i n i m i z e  r e f l e c t i o n  l o s s e s .  The 
f o l l o w i n g  i s  a  d e s c r i p t i o n  of t h e  c o m p o n e n t s .  
R e c t a n g u l a r  w a v e g u i d e s  ( 2 4  KMC, K-band) w e r e  u s e d .  
The mode b e i n g  p r o p a g a t e d  i s  t h e  d o m i n a t e  H-mode. The 
k l y s t r o n ,  a  2K50, 23.5  t o  34.5  KMC, l O m w ,  3 0 0 ~  r e f l e x  
t y p e  t u b e  ( B e n d i x  A v i a t i o n  C o r p . )  w a s  u s e d  a s  t h e  g e n e r a t o r  
rr A l l  componen ts  e x c e p t  t h e  k l y s t r o n  a n d  i s o l a t o r  w e r e  ob- 
t a i n e d  f r o m  Demornay B o n a r d i  Co. 
of e l e c t r o m a g n e t i c  waves .  The a d a p a t i o n  of t h e  power s u p p l y  
( D e s s e n  and  B a r n e  #62-109)  t o  t h e  o p e r a t i o n  of t h e  k l y s t r o n  
i s  shown on f i g .  ( 2 0 ) .  An u n f o r t u n a t e  f e a t u r e  of t h e  c i r -  
c u i t r y  was t h a t  t h e  r e p e l l e r  v o l t a g e  was c o u p l e d  t o  t h e  
t u n e r  g r i d  v o l t a g e  of t h e  k l y s t r o n ,  The r e p e l l e r  v o l t a g e  
was  a d j u s t e d  i n  t u n i n g  of t h e  mic rowave  a p p a r a t u s  t o  o b t a i n  
t h e  mode whe re  t h e  k l y s t r o n  would  g e n e r a t e  peak  power t o  
m i n i m i z e  t h e  e f f e c t  of l i n e  f l u c t u a t i o n s .  S i n c e  t h e  k l y s t r o n  
was  t h e r m a l l y  t u n e d  a  f a n  was  u s e d  t o  m a i n t a i n  i t  a t  a con- 
s t a a ~ t t e m p e r a t u r e .  The d e t e c t o r  c o n s i s t  of a  c r y s t a l ,  s i l -  
i c o n ,  c o a x i a l  t y p e  d i o d e  ( IN261 , and  a  t u n a b l e  c r y s t a l  mount 
t o  match  t h e  r e a c t i v e  component of t h e  c r y s t a l  impedance .  
The t i m e  c o n s t a n t  of t h e  u n i t  was  l e s s  t h a n  a  m i c r o s e c o n d .  
The power r e s p o n s e  of  t h e  c r y s t a l s  obeyed  t h e  s q u a r e  law 
i n  r e g i o n s  be low 1 5  m i c r o w a t t s ;  above  t h i s  t h e  c r y s t a l s  
w e r e  r e q u i r e d  t o  be  c a l i b r a t e d  w h i c h  t h e y  w e r e  i n  t h i s  ex-  
p e r i m e n t .  The E-H p l a n e  t u n e r  was u s e d  a s  a  m a t c h i n g  
t r a n s f o r m e r  t o  c o r r e c t  mismatch  b e t w e e n  t h e  k l y s t r o n  and 
t h e  wavegu ide  s y s t e m .  I s o l a t i o n  b e t w e e n  t h e  k l y s t r o n  and 
e n e r g y  r e f l e c t e d  f r o m  l i n e  m i s m a t c h e s  ( 2 1 . 2  d b , 2 4 ~ M C )  t o  
i n s u r e  maximum power and c o n s t a n t  f r e q u e n c y  o u t p u t  was f u r n -  
i s h e d  by a  U n i l i n e  f e r r i t e  25w l o a d  i s o l a t o r ,  model  K-131, 
The f r e q u e n c y  was measu red  by a  c a v i t y  m e t e r  t o  w i t h i n  
Two c o n i c a l  h o r n s  w e r e  c o n s t r u c t e d  t o  f i t  t i g h t l y  
i n t o  t h e  p o r t s  of  t h e  s h o c k  t u b e  s u c h  t h a t  t h e  b a s e  would  
b e  f l u s h  w i t h  t h e  w a l l s  of t h e  t u b e .  A t r a n s f o r m a t i o n  of 
t h e  H10 -mode t r a v e l l i n g  i n  t h e  r e c t a n g u l a r  g u i d e  t o  t h e  
H l l  - mode i n  t h e  c i r c u l a r  g u i d e  of t h e  h o r n  was  made.  The 
b a s e  of t h e  h o r n  i s  1.3 i n c h e s  i n  d i a m e t e r  a n d  1 1 . 5  i n c h e s  
i n  l e n g t h ,  For  p u r p o s e s  of i n p u t  a n d  o u t p u t  impedance  
m a t c h i n g  ( s i m u l a t i n g  $ w a v e l e n g t h  p l a t e  f o r  c o m p l e t e  t r a n s -  
m i s s i o n ) ,  r e x o l i t e  d i e l e c t r i c  c o n e s  w e r e  s e c u r e d  t o  t h e  
e x i t  g l a s s  windows of t h e  h o r n s .  The h o r n s ,  a s  a  r e s u l t ,  
g a v e  s t a n d i n g  wave r a t i o  of 1 .24  a n d  1 . 2 5 .  
The component  o f  t h e  m a g n e t i c  f i e l d  v e c t o r  i n  t h e  
d i r e c t i o n  of p r o p a g a t i o n  i n  t r a v e l l i n g  t h r o u g h  t h e  c o n i c a l  
/ h o r n  w i l l  v a r y  a s  7, w i t h  d i s t a n c e  f r o m  t h e  e n t r a n c e  of 
t h e  h o r n .  I n  t h e  f a r  zone  r e g i o n  of t h e  h o r n  ( w h e r e  k p > > / ,  
k - p r o p a g a t i o n  c o n s t a n t )  t h e  r a d i a l  c o m p o n e n t s  of t h e  f i e l d  
a r e  n e g l i g i b l y  s m a l l  i n  c o m p a r i s o n  t o  t h e  t r a n s v e r s e  com- 
p o n e n t s ,  a n d  t h e  f i e l d  i s  p r e d o m i n a t e l y  a t r a n s v e r s e  
s p h e r i c a l  wave w h i c h  w i l l  become p l a n e  a  few w a v e l e n g t h s  
o u t s i d e  of t h e  h o r n .  
The r a d i a t i o n  p a t t e r n  of t h e  h o r n  o v e r  t h e  w i d t h  of 
t h e  s h o c k  t u b e  mus t  b e  c o n s i d e r e d  t o  b e  t h e  n e a r  z o n e  p a t -  
t e r n .  A l t h o u g h  n o  f o c u s i n g  of t h e  beam was  a t t e m p t e d  by 
l e n s e s ,  t h e  h o r n s ,  a p e r t u r e  of 3.3 w a v e l e n g t h s ,  w e r e  d e s i g -  
n e d  t o  p r o d u c e  a  d i r e c t i v e  p e n c i l  beam, Knowledge of t h e  
beam w i d t h  and  w h e t h e r  t h e r e  we re  l a r g e  s i d e  l o b e s  was v e r y  
i m p o r t a n t  i n  t h e  i n t e r p r e t a t i o n  of o u r  d a t a .  S e v e r a l  c r u d e  
a t t e m p t s  we re  made t o  measu re  t h e  w i d t h  of t h e  beam. 
( a )  u s i n g  a  c o p p e r  p l a t e  and  moving it p e r p e n d i c -  
u l a r  t o  t h e  beam. 
( b )  f i l l i n g  a  t u b e  s e c t i o n  s t a n d i n g  on end  u n t i l  
t h e  w a t e r  l e v e l  r e a c h e d  t h e  beam. 
( c )  p l a c i n g  t h e  t r a n s m i t t i n g  h o r n  a t  a  s t a t i o n a r y  
p o s i t i o n  and  moving t h e  r e c e i v i n g  h o r n  i n  a  
c i r c u l a r  a r c  a t  d i f f e r e n t  r a d i a l  d i s t a n c e s  t o  
t r a c e  o u t  t h e  r a d i a t i o n  p a t t e r n .  
I n  i n s t a n c e s  ( a )  and  ( b )  t h e  w i d t h  of t h e  beam was found  t o  b e  
s m a l l e r  t h a n  t h e  a p e r t u r e  of t h e  h o r n  and  f r o m  ( c )  no  l a r g e  
s i d e  l o b e s  we re  e v i d e n t .  
Ano the r  i m p o r t a n t  p o i n t  i n  t h e  r a d i a t i o n  p a t t e r n  
i s  w h e t h e r  t h e  r e f l e c t b n s  f rom t h e  u p p e r  and l o w e r  w a l l s  a r e  
s m a l l ,  The h e i g h t  f r o m  t h e  edge  of t h e  h o r n  t o  t h e  w a l l s  
was  found  t o  b e  3 . 4 5  w a v e l e n g t h s .  For  any  a p p r e c i a b l e  r e -  
f l e c t i o n  t o  r e a c h  t h e  r e c e i v i n g  h o r n  o r  t o  i n t e r f e r e  w i t h  
t h e  i n c i d e n t  beam, r a d i a t i o n  must  p r e d o m i n a t e l y  come f rom 
waves  d i r e c t e d  a t  a n  a n g l e  of 4 0  d e g r e e s  o r  more r e l a t i v e  
t o  t h e  c e n t e r  l i n e s  be tween  h o r n s .  S i n c e  t h e  measu red  p a t -  
t e r n  showed no p r o m i n e n t  s i d e  l o b e s ,  we c o n s i d e r e d  t h i s  p rob -  
l em  a s  b e i n g  m i n o r .  
Two s i g n a l s ,  t r a n s m i s s i o n  t h r o u g h  and  r e f l e c t i o n  
f r o m  t h e  i o n i z e d  g a s  measu red  by d e t e c t o r s  ( A )  and  ( B )  
r e s p e c t i v e l y ,  mus t  b e  u n c o u p l e d ,  i . e ,  any  r e f l e c t i o n  s h o u l d  
have  n e g l i g i b l e  e f f e c t  on t h e  t r a n s m i s s i o n  and  s h o u l d  n o t  
u n t u n e  t h e  mic rowave  n e t w o r k .  We c o u l d  c h e c k  t h i s  by c a u s -  
i n g  r e f l e c t i o n  f rom t e r m i n a t o r  ( A )  ( a d j u s t i n g  t h e  s t u b  
t u n e r )  t o  show up a s  a  f i r s t  o r d e r  c h a n g e  i n  t h e  r e f l e c t e d  
s i g n a l  ( i n c r e a s e )  a t  t h e  d e t e c t o r  ( B )  and a  s e c o n d  o r d e r  
change  ( d e c r e a s e )  i n  t h e  t r a n s m i t t e d  s i g n a l  a t  d e t e c t o r  ( A )  
R e f l e c t i o n  f rom d e t e c t o r  ( A )  ( m i s m a t c h i n g  t h e  d e t e c t o r )  
s h o u l d  c a u s e  c h a n g e s  of t h e  same o r d e r  i n  t h e  two s i g n a l s .  
The u n c o u p l i n g  was  e f f e c t e d  by t h e  magic  t e e  i n  t h a t  i f  t h e  
l o a d  impedance of t h e  two c o l l i n e a r  arms w e r e  e q u a l ,  t h e  
s i g n a l  f e d  i n t o  t h e  s h u n t  a rm would  be  d i v i d e d  e q u a l l y  be- 
tween  t h e  two c o l l i n e a r  a r m s .  Because  of t h e  symmetry of 
t h e  s t r u c t u r e ,  t h e r e  would  be  no c o u p l i n g  be tween  t h e  s e r -  
i e s  a n d  s h u n t  a rms .  A s  t h e r e  was n o  n e t  e l e c t r i c  v e c t o r  
d e v e l o p e d  a c r o s s  t h e  e n t r a n c e  t o  t h e  s e r i e s  arm. S i m i l a r  
symmetry c o n d i t i o n s  e x i s t e d  f o r  s i g n a l s  b e i n g  p r o p a g a t e d  
a l o n g  one c o l l i n e a r  arm t o  b e  d i v i d e d  b e t w e e n  s h u n t  and  ser- 
i e s  arm of magic  t e e .  
For  maximum s e n s i t i v i t y  and s t a b i l i t y  of t h e  m i c r o -  
wave s i g n a l  t h e  a m p l i f i e r s  of t h e  o s c i l l o s c o p e  were  u s u a l l y  
s e t  a t  50 mvlcm f o r  t h e  t r a n s m i t t e d  s i g n a l  and a t  20mv/cm 
f o r  t h e  s m a l l e r  r e f l e c k e d  s i g n a l .  To o b t a i n  maximum v a r -  
i a t i o n  of t h e  s i g n a l  ( .55V) on t h e  o s c i l l o s c o p e  f a c e  t h e  
i n p u t  s i g n a l  was a t t e n u a t e d .  The sys t em had t o  be r e t u n e d  
a f t e r  t h e  diaphragmswere s t r e s s e d  c l o s e  t o  b u r s t i n g  p r e s s u r e .  
I 
T h i s  was because  t h e  m e t a l l i c  shock t u b e  a c t e d  l i k e  a  reson-  
a t i n g  c a v i t y  f o r  t h e  power r a d i a t e d  away and n o t  r e c e i v e d  by 
t h e  horn;  a  s t a n d i n g  wave p a t t e r n  was e s t a b l i s h e d  i n  t h e  
t u b e .  I t  was obse rved  t h a t  by s t r e s s i n g  t h e  diaphragm t h e  
l e n g t h  of t h e  c a v i t y  was e s s e n t i a l l y  changed which i n  t u r n  
a l t e r e d  t h e  power t r a n s m i t t e d  a c r o s s  t h e  t u b e .  
The t u n i n g  c o n d i t i o n  r e q u i r e d  maximum t r a n s m i s s i o n  
*and minimum r e f l e c t i o n  of t h e  s i g n a l  a t  t h e  c o n d i t i o n  
b e f o r e  t h e  t u b e  was f i r e d .  Hence any  i n c r e a s e  o r  d e c r e a s e  
of t h e  s i g n a l  d u r i n g  t h e  e x p e r i m e n t  c a n  b e  a t t r i b u t e d  o n l y  
t o  t h e  p a s s a g e  of t h e  s h o c k .  The p r o c e d u r e  f o r  t u n i n g  was  
( a )  S e t  beam v o l t a g e  t o  +300 VDC, t u n e r  g r i d  v o l t -  
a g e  t o  a b o u t  - 9 V D C .  
( b )  A d j u s t  t h e  r e p e l l e r  v o l t a g e  f o r  maximum power 
o u t p u t  by  o b s e r v i n g  t h e  t r a n s m i t t e d  s i g n a l  
( v o l t a g e )  a t  d e t e c t o r  (A). 
( c )  A d j u s t  c r y s t a l  mount t o  m a t c h  impedence of 
c r y s t a l .  Tune c r y s t a l  d i o d e  t o  g i v e  maximum 
r e c e p t i o n  (minimum r e f l e c t i o n ) .  
( d )  A d j u s t  t h e  E-H p l a n e  t u n e r  t o  c o r r e c t  mismatch  
be tween  t h e  k l y s t r o n  and  t h e  wavegu ide  s y s t e m .  
( e )  R e p l a c e  t h e  t e r m i n a t o r  (B) b y  d e t e c t o r  (B) and 
a d  j u s t  f o r  p e a k  r e c e p t i o n .  
( f )  Repea t  ( c l  . 
( 9 )  Tune o u t  r e f l e c t i o n s  f r o m  t h e  g l a s s - g a s  i n t e r -  
f a c e  ( s e e  f i g .  1 8 )  and  s i g n a l  f r o m  k l y s t r o n  
u s i n g  t h e  v a r i a b l e  s t u b  t u n e r .  
( h )  R e p e a t  ( c ) .  
( i )  S e t  a m p l i f i e r s  of t h e  o s c i l l o s c o p e  a t  t h e  
d e s i r e d  s e n s i t i v i t y  f o r  t h e  t r a n s m i t t e d  s i g n a l  
and  r e f l e c t e d  s i g n a l .  
( j )  A t t e n u a t e  t r a n s m i t t e d  s i g n a l  f o r  maximum v a r i a -  
t i o n  on t h e  s c o p e  f a c e .  R e p e a t  ( c )  and  ( g )  
(k) R e p e a t  ( c )  and  ( g )  a f t e r  t h e  shock  t u b e  d i a -  
phragm i s  s t r e s s e d  ( p 4  - 1 0 0  p s i )  
V I ,  RESULTS AND DISCUSSION 
I n  t h e  e x p e r i m e n t  of t h e  a t t e n u a t i o n  of e l e c t r o -  
m a g n e t i c  waves  by e l e c t r o n s  t h e r e  a r e  e s s e n t i a l l y  two un- 
knowns, t h e  c o l l i s i o n  c r o s s - s e c t i o n  and  t h e  e l e c t r o n  den- 
s i t y ,  I n  s e c t i o n  I V  t h e  measu remen t s  of  c o l l i s i o n  c r o s s -  
s e c t i o n s  by p r e v i o u s  i n v e s t i g a t o r s  i n  o u r  e n e r g y  r a n g e  show 
l a r g e  d i s a g r e e m e n t .  A r e c e n t  c a l c u l a t i o n  by ~ i v e 1 ~ ~  shows 
t h a t  h i s  c u r v e  i s  b e s t  f i t t e d  by  t h e  m e a s u r e m e n t s  of Ram- 
s a u e r  and  K o l l o t h ,  The c a l c u l a t i o n s  of e l e c t r o n  d e n s i t y  by 
t h e  shock  t u b e  r e l a t i o n s  and  t h e  Saha  e q u a t i o n ,  d e r i v e d  f r o m  
s t a t i s t i c a l  m e c h a n i c s ,  a r e  b e t t e r  u n d e r s t o o d  and a r e  on 
f i r m e r  g r o u n d s  t h a n  t h e  t h e o r y  f o r  c o l l i s i o n  c r o s s - s e c t i o n ,  
However, t h e  e x p e r i m e n t  may n o t  e x a c t l y  con fo rm t o  t h e  a s -  
s u m p t i o n s  made i n  t h e  t h e o r y  and  t h e  e r r o r s  t h u s  i n t r o d u c e d  
c o u l d  p o s s i b l y  s e t  t h e  two unknowns on t h e  same f o o t i n g ,  
The t e s t s w e r e  r u n  a t  pl = 5mm a n d  l O m m ,  The Mach num- 
b e r  r a n g e d  f r o m  6.19 t o  7 ,74  w i t h  c o r r e s p o n d i n g  computed 
e l e c t r o n  d e n s i t y  a s  l a r g e  a s  1.6 x  1 0 ~ ~ 1 ~ ~ 3 .  T y p i c a l  r e s -  
p o n s e s  of t h e  mic rowave  t o  t h e  p a s s a g e  of t h e  i n c i d e n t  s h o c k  
a r e  shown i n  f i g u r e  ( 2 4 ) .  On t h e s e  r e c o r d s  t h e  downward de- 
f l e c t i o n  of t h e  u p p e r  t r a c e  c o r r e s p o n d e d  t o  a  l o w e r  i n t e n s i t y  
of s i g n a l  r e a c h i n g  t h e  d e t e c t o r ,  i , e ,  t h e  t r a n s m i t t e d  s i g n a l  
was  i n c r e a s i n g l y  a t t e n u a t e d  u n t i l  e q u i l i b r i u m  was r e a c h e d  
b e h i n d  t h e  s h o c k  [ r e g i o n  (1 )  of t h e  m i d d l e  p h o t o g r a p h ) .  The 
upward d e f l e c t i o n  of t h e  l o w e r  t r a c e  c o r r e s p o n d e d  t o  a n  i n -  
c r e a s e  i n  i n t e n s i t y  of t h e  r e f l e c t e d  s i g n a l  f r o m  t h e  g a s ,  
Reg ion  ( 2 )  r e p r e s e n t e d  t h e  p o i n t  when e q u i l i b r i u m  was r @ a c h e d  
b e h i n d  t h e  s h o c k  and  whe re  t h e  s i g n a l  was  c o n s t a n t .  Reg ion  
( 3 )  i n d i c a t e d  t h e  a r r i v a l  of t h e  c o l d  f r o n t  r e s u l t i n g  i n  a  
d e c r e a s e  of t h e  a t t e n u a t i o n  due  t o  a  d e c r e a s e  i n  e l e c t r o n  
c o n c e n t r a t i o n ,  
The o v e r a l l  mic rowave  a t t e n u a t i o n  a c r o s s  t h e  t e s t  s ec -  
t i o n  c o u l d  b e  d i v i d e d  i n t o  two p a r t s  - a b s o r p t i o n  l o s s  and  
r e f l e c t i o n  l o s s ,  The p r e s e n t  e x p e r i m e n t s  i n d i c a t e d  t h a t  t h e  
r e f l e c t i o n  l o s s  was  q u i t e  s m a l l  compared  w i t h  t h e  a b s o r p t i o n  
l o s s ,  even  when t h e  c o l l i s i o n  f r e q u e n c y  2/ c was r e l a t i v e l y  
s m a l l  compared t o  t h e  p l a sma  f r e q u e n c y  W p a  The measu red  
v a l u e s  of a t t e n u a t i o n  we re  compared  w i t h  t h e  t h e o r e t i c a l  c u r -  
v e s  b a s e d  on t h e r m a l  e q u i l i b r i u m  c o n d i t i o n s  b e h i n d  t h e  normal  
s h o c k s  ( f i g u r e s  l 5 , 1 6 ) ,  The o b s e r v e d  microwave  a t t e n u a t i o n  
a t  t h e  l o w e r  s h o c k  s p e e d s  f e l l  c o n s i s t e n t l y  be low t h e  p r e -  
d i c t e d  v a l u e s  b y  a  c o n s i d e r a b l e  amoun t .  T h i s  f a c t  seemed t o  
i n d i c a t e  e i t h e r  t h a t  t h e  c o l l i s i o n  c r o s s - s e c t i o n  u s e d  i n  t h e  
c a l c u l a t i o n s  was t o o  s m a l l  o r  t h a t  t h e  e l e c t r o n  d e n s i t y  was  
t o o  low, p r o b a b l y  t h e  f o r m e r ,  However, t h e  r e f l e c t e d  s i g n a l s  
s h o u l d  p r o v i d e  a d d i t i o n a l  i n f o r m a t i o n  on t h i s  p o i n t ,  b u t  be-  
c a u s e  of t h e  i n c o n s i s t e n c y  and  u n r e l i a b i l i t y  of t h e s e  measure -  
m e n t s  no c o n c l u s i o n s  we re  r e a c h e d .  
The i o n i z a t i o n  r e l a x a t i o n  t i m e  of a r g o n  ( f i g s ,  2 1 , 2 2 ,  
2 3 )  was s e e n  t o  d e c r e a s e  w i t h  i n c r e a s i n g  Mach numbers,  t h u s  
c o r r e s p o n d i n g  t o  a n  i n c r e a s e  i n  t h e  t e m p e r a t u r e  a n d  a  s l i g h t  
i n c r e a s e  i n  t h e  d e n s i t y .  F o r  r u n s  a t  t h e  same Mach n u m b e r s  
b u t  a t  a  s i z e a b l e  i n c r e a s e  i n  d e n s i t y  t h e r e  w a s  a  d e c i d e d  d e -  
c r e a s e  i n  t h e  r e l a x a t i o n  t i m e .  The  m i c r o w a v e  a p p a r a t u s  w a s  
1 0  i n s e n s i t i v e  t o  e l e c t r o n  l e v e l  b e l o w  9 x  1 0  . W i t h  t h i s  s e n -  
s i t i v i t y  t h e r e  w a s  n o  i n d i c a t i o n  t h a t  t h e r e  w a s  i o n i z a t i o n  of 
1 
a  g r e a t e r  d e g r e e  t h a n  t h i s  a h e a d  o f  t h e  s h o c k .  The m i c r o -  
w a v e s  t r a c e s  d i d  n o t  b e g i n  t o  d e f l e c t  u n t i l  20 t o  50  a f t e r  
t h e  s h o c k  h a d  p a s s e d  t h e  h o r n s .  No t h e o r y  h a d  b e e n  d e v e l o p e d  
h e r e  f o r  t h e  r a t e  o f  i o n i z a t i o n ,  b u t  t h e  r e s u l t s  w e r e  c o m p a r e d  
1 
w i t h  t h e  e x t r a p o l a t i o n  of  t h e  t h e o r y  b y  P e t s c h e k  , w h i c h  d o e s  
n o t  r e a l l y  a p p l y  t o  o u r  e x p e r i m e n t a l  c o n d i t i o n s  b e c a u s e  of  a  
s i g n i f i c a n t  d i f f e r e n c e  i n  e l e c t r o n  c o n c e n t r a t i o n .  The d a t a  on 
t h e  i n f l u e n c e  of  i m p u r i t i e s  on t h e  r a t e  of  i o n i z a t i o n  w a s  n o t  
c o n c l u s i v e ,  B a s e d  on r o u g h  c a l c u l a t i o n s  u s i n g  t h e  G i l m o r e  
t a b l e s 3 6  t h e  c o n t r i b u t i o n  of e l e c t r o n s  f r o m  i m p u r i t i e s  ( a i r )  
i n  t h e  b o t t l e d  a r g o n  ( c o m m e r c i a l  g r a d e  L i n d e J s )  a t  a t e m p e r a t u r e  
11 
a b o u t  5 0 0 0 ' ~  (M = 7. p l  = 5mm. ne  = 1 . 7  x  1 0  e l e c t r 0 n s / ~ ~ 3  
f r o m  p u r e  a r g o n )  w a s  e s t i m a t e d  t o  b e  9 x  l o 8  e l e c t r o n ~ / ~ ~ 3 .  
F o r  a  l e a k  r a t e  of  1 0 p  / m i n .  of a i r ,  t h e  e l e c t r o n  c o n t r i b u t i o n  
w a s  a b o u t  2 .4 x 10" e l e c t r o n s I c m 3 .  T h e r e  w a s  n o  s i g n i f i c a n t  
c h a n g e  on t h e  r e l a x a t i o n  u s i n g  t h e  f l o w  s y s t e m  ( , 0 3 g m / m i n . )  
a f t e r  t h e  t u b e  w a s  pumped t o  .3/ c o m p a r e d  t o  t h e  c a s e  when t h e  
s h o c k  t u b e  w a s  e v a c u a t e d  t o  ,1p w i t h  n o  f l o w  s y s t e m ,  No r e -  
f i n e d  m e t h o d  f o r  i n t r o d u c i n g  c o n t r o l l e d  amoun t  o f  i m p u r i t y  w a s  
a t t e m p t e d .  
E x p e r i m e n t a l  d i f f i c u l t i e s .  
On s e v e r a l  of t h e  r e c o r d s  t h e  b e g i n n i n g  of t h e  t r a c e s  
w e r e  d i s p l a c e d  f r o m  t h e i r  o r i g i n a l  s e t t i n g s .  T h i s  i n d i c a t e d  
t h a t  t h e  microwave c i r c u i t  was  m i s t u n e d  a t  t h e  t i m e  t h e  d i a -  
phragm r u p t u r e d .  A s  a  r e s u l t  t h e  t r a c e s  o f t e n  we re  d e f l e c t e d  
i n  t h e  wrong d i r e c t i o n  and t h e s e  r e c o r d s  w e r e  d i s r e g a r d e d .  
The t r a c e s  shown ( f i g .  2 4 )  s h o u l d  p r e s u m a b l y  b e  smooth c u r -  
4  
v e s ,  b u t  a  s u p e r i m p o s e d  low f r e q u e n c y  wave ( d 2 x 1 0  c p s )  c a n  
b e  s e e n  on them.  C a l c u l a t i o n s  t e n d e d  t o  i n d i c a t e  t h i s  t o  b e  
t h e  Dopp le r  e f f e c t ,  The mic rowaves  w h i c h  w e r e  s c a t t e r e d  w e r e  
r e f l e c t e d  f rom t h e  moving s h o c k  f r o n t ,  The f r e q u e n c y  of t h e  
r e f l e c t e d  waves  was e i t h e r  i n c r e a s e d  o r  d e c r e a s e d  d e p e n d i n g  
upon w h e t h e r  t h e  s h o c k  was  a h e a d  o r  b e h i n d  t h e  h o r n s ;  t h e  
p h a s e  v e l o c i t y  depended  upon w h e t h e r  t h e  waves  t r a v e l l e d  
t h r o u g h  n e u t r a l  o r  i o n i z e d  a r g o n .  A s  a  r e s u l t  of t h i s  t h e  
r e f l e c t e d  s i g n a l s  i n t e r a c t e d  w i t h  t h e  s i g n a l s  wh ich  w e r e  b e i n g  
t r a n s m i t t e d  a c r o s s  t h e  shock  t u b e ,  t h u s  s e t t i n g  up a n  i n t e r -  
f e r e n c e  p a t t e r n .  The i n t e r f e r e n c e  p a t t e r n  c a u s e d  some d i f f i c -  
u l t y  i n  t h e  d e t e r m i n a t i o n  of t h e  l e v e l  of e q u i l i b r i u m  and 
t h e  t i m e  when e q u i l i b r i u m  was r e a c h e d .  ( A  p r o b a b l e  remedy 
would  b e  t o  make t h e  t e s t  s e c t i o n  and t h e  t u b e  e n d s  of some 
a b s o r b e n t  m a t e r i a l )  
T h e o r t i c a l l y ,  t h e  r e f l e c t e d  s i g n a l  f r o m  t h e  g a s  was 
e x p e c t e d  t o  i n c r e a s e  and  t h e n  come t o  some e q u i l i b r i u m  v a l u e  
( s i m i l a r  t o  t r a n s m i t t e d  s i g n a l )  a f t e r  t h e  s h o c k  p a s s e d ,  The 
e x p e r i m e n t a l  r e s u l t s  showed t h a t  t h i s  was  n o t  a l w a y s  t r u e ,  
The r e f l e c t i o n  became l a r g e s t  d u r i n g  t h e  n o n - e q u i l i b r i u m  
p e r i o d  and  was d e c r e a s i n g  when e q u i l i b r i u m  was r e a c h e d  i n  
t h e  t r a n s m i t t e d  s i g n a l ,  P o s s i b l e  m i s t u n i n g ,  unknown e l e c -  
t r o n  d i s t r i b u t i o n  i n  r e g i o n  of t h e  w a l l  and  t h e  Dopp le r  e f -  
f e c t  added  c o m p l i c a t i o n s  t o  t h e  i n t e r p r e t a t i o n  of t h e  d a t a .  
A f t e r  t h e  p a s s a g e  of t h e  c o l d  f r o n t  t h e  t r a c e s  s h o u l d  
r e t u r n  t o  t h e i r  o r i g i n a l  v a l u e s  a s  t h e  e l e c t r o n  d e n s i t y  be- 
came n e g l i g i b l e ,  The r e f l e c t e d  s i g n a l  d i d  r e t u r n ,  b u t  t h e  
t r a n s m i t t e d  s i g n a l  l e v e l l e d  o f f  a t  some i n t e r m e d i a t e  v a l u e .  
To i n v e s t i g a t e  t h i s  t e s t s  were  made t o  c h e c k  t h e  e f f e c t  of 
d e n s i t y  c h a n g e s  ( o t h e r  t h a n  i o n i z a t i o n )  on t h e  d i e l e c t r i c .  
To show t h a t  t h e  d e n s i t y  e f f e c t  c o u l d  b e  s e p a r a t e d  f rom t h e  
i o n i z i n g  e f f e c t  we r a n  t e s t s  a t  low Mach numbers  where  i on -  
i z a t i o n  was  n e g l i g i b l e ,  b u t  w i t h  t h e  same d e n s i t y  c o n d i t i o n  
a s  b e h i n d  s h o c k s  a t  t h e  l a r g e r  Mach numbers .  These  t e s t s  
showed t h a t  t h e  t r a n s m i t t e d  s i g n a l  was  a t t e n u a t e d  o n l y  
a f t e r  t h e  c o l d  f r o n t  had  p a s s e d ,  When t h e  c o l d  f r o n t  was 
n o t  w e l l  d e f i n e d ,  t h e  s i g n a l  d i d  n o t  change  a s  a b r u p t l y  a s  
e x p e c t e d .  S t a t i c  t e s t s  we re  a l s o  made where  t h e  microwave 
equ ipmen t  was  t u n e d  a t  p l  a n d  t h e  t u b e  p r e s s u r e  was  t h e n  
i n c r e a s e d  a t  i n t e r v a l s .  S i m i l a r  r e a c t i o n  of t h e  s i g n a l  was  
s e e n ,  whe re  t h e  s i g n a l  d i d  n o t  c h a n g e  g r e a t l y  u n t i l  t h e  den-  
s i t y  c o n d i t i o n  was  c l o s e  t o  t h a t  i n  t h e  e x p e r i m e n t .  The 
c a l c u l a t i o n s  of t h e  i n f l u e n c e  of t h e  d i e l e c t r i c  change  d u e  
t o  d e n s i t y ,  u s i n g  t h e  a p p r o x i m a t e  C l a u s i u s  a n d  M o s s o t t i  
r e l a t i ~ n ~ ~ f ~ ~ ~  ( - f" c o n s t a n t ,  n  = r e f r a c t i v e  i n d e x )  i n  
t h e  w a v e l e n g t h  w a s  f o u n d  t o  b e  n e g l i g i b l e  ( = = .99t+8 
n,- I = . ~ 7 7 . 8 ~ / 0 - '  , p o  = 760m.m) b a s e d  on c o n d i t i o n s  w h i c h  
e x i s t e d  b e h i n d  t h e  c o l d  f r o n t  i n  h e l i u m .  T h i s  s m a l l  c h a n g e  
i n  t h e  w a v e l e n g t h  o v e r  t h e  l e n g t h  o r  w i d t h  of  t h e  t u b e  d i d  
n o t  a c c o u n t  f o r  t h e  a p p a r e n t  c h a n g e  i n  t h e  a m p l i t u d e  of t h e  
s i g n a l ,  However  t h i s  p o r t i o n  of t h e  t r a c e  w a s  u n i m p o r t a n t  
i n  o b t a i n i n g  t h e  r e q u i r e d  d a t a  u n l e s s  t h i s  d r o p  i n  t h e  s i g -  
n a l  l e v e l  o c c u r r e d  d u r i n g  t h e  t e s t i n g  t i m e .  
V I I .  CONCLUSION 
The p r e l i m i n a r y  e x p e r i m e n t s  on t h e  microwave  
p r o b i n g  of i o n i z e d  a r g o n  d e s c r i b e d  i n  t h i s  p a p e r  have  dem- 
o n s t r a t e d  t h e  u l t i l i t y  of  t h e  t e c h n i q u e  and  p r e s e n t e d  
r e s u l t s  which  a g r e e  q u a l i t a t i v e l y  w i t h  t h e o r e t i c a l  p r e d i c -  
t i o n s .  They h a v e  a l s o  d e m o n s t r a t e d  t h e  c o m p l e x i t y  of t h e  
i n t e r a c t i o n s  i n v o l v e d  a n d  e m p h a s i z e d  t h e  n e e d  f o r  more 
r e f i n e m e n t  i n  t h e  a p p a r a t u s  and  t e c h n i q u e  and  b e t t e r  con- 
t r o l  of t h e  e x p e r i m e n t a l  c o n d i t i o n s  i f  r e l i a b l e  q u a n t i t -  
a t i v e  d a t a  i s  t o  b e  o b t a i n e d .  
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V I I I .  APPENDIX 
C o n c e ~ t  of a  C o l l i s i o n  C r o s s - S e c t i o n ,  25 ,26  
A c o l l i s i o n  r e s u l t s  when t h e  r e l a t i v e  d i s t a n c e  be-  
tween two p a r t i c l e s  i s  f i r s t  d e c r e a s e d  a n d  t h e n  i n c r e a s e d  
p r o v i d e d  t h e r e  i s  some p h y s i c a l  change  i n  e i t h e r  of t h e  p a r -  
t i c l e s  d u r i n g  t h e  p r o c e s s .  Thus i f  a n  a tom i s  e x c i t e d  o r  
i o n i z e d  when a n  e l e c t r o n  p a s s e s  by i t ,  o r  i f  t h e  e l e c t r o n  
i s  d e f l e c t e d  o r  h a s  i t s  e n e r g y  a l t e r e d ,  a  c o l l i s i o n  h a s  
o c c u r r e d .  
From k i n e t i c  t h e o r y  w h e r e  t h e  m o l e c u l e s  a n d  a toms  
a r e  c o n s i d e r e d  a s  s o l i d  s p h e r e s ,  a  c o l l i s i o n  w i l l  o c c u r  
wheneve r  t h e i r  c e n t e r s  a p p r o a c h  e a c h  o t h e r  w i t h  a  d i s t a n c e ,  
r 1 2  = r1 + r2 ,  sum of t h e i r  r a d i i .  I t  c a n  b e  shown f rom 
k i n e t i c  t h e o r y  of g a s e s  t h a t  t h e  m e a n - f r e e - p a t h  l1 of p a r -  
t i c l e s  of t y p e  (1) moving amongst  p a r t i c l e s  of t y p e  ( 2 )  i s  
N 2  = number d e n s i t y  of p a r t i c -  
l e s  of t y p e  ( 2 )  
4 = / 
- - 
c l , c 2  = r o o t  mean s q u a r e  v e l o c -  
i t i e s  
I f  p a r t i c l e s  a r e  of t h e  same t y p e  
I 
= r F d z  = Z r ; = d  
L e t  u s  c o n s i d e r  t h e  mean f r e e  p a t h  of an  e l e c t r o n  moving 
t h r o u g h  t h e  g a s .  I n  g e n e r a l  i t s  v e l o c i t y  w i l l  b e  much 
g r e a t e r  t h a n  t h e  v e l o c i t y  of t h e  g a s  m o l e c u l e s ,  t h u s  t h e  
mean f r e e  p a t h  becomes 
A = 27 d2, i s  t h e  e f f e c t i v e  c r o s s - s e c t i o n  of t h e  a tom.  
4 
E x p e r i m e n t a l l y  we c a n  p a s s  a  beam of e l e c t r o n s  of homogen- 
e o u s  v e l o c i t y  t h r o u g h  a  h y p o t h e t i c a l  g a s  c o n s i s t i n g  of s o l i d  
s p h e r i c a l  a toms of c r o s s - s e c t i o n a l  a r e a ,  A .  I f  t h e r e  a r e  N 
s u c h  a toms  p e r  c u b i c  c e n t i m e t e r ,  t h e  c h a n c e  t h a t  an  e l e c t r o n  
w i l l  make a c o l l i s i o n  i n  moving a  s m a l l  d i s t a n c e  6% 
t h r o u g h  t h e  g a s  w i l l  b e  NA& . R e g a r d i n g  any s u c h  im- .  
p a c t s  a s  moving a n  e l e c t r o n  f rom t h e  beam, t h e  amount of t h e  
beam c u r r e n t  s t r e n g t h  l o s t  i n  t r a v e r s i n g  a  d i s t a n c e  f rom 
a  p o i n t  w i l l  b e  
o( = NA, i s  r e g a r d e d  a s  a n  a b s o r p t i o n  c o e f f i c i e n t  of  
t h e  g a s  f o r  t h e  e l e c t r o n  beam o r  t h e  t o t a l  ( sum)  e f f e c t i v e  
c r o s s - s e c t i o n  i n  a c u b i c  c e n t i m e t e r  of g a s .  
We know t h a t  a n  a tom r e a l l y  h a s  n o  d e f i n i t e  a r e a  of 
c r o s s - s e c t i o n .  The a c t u a l  g a s  a t oms  a r e  n o t  r i g i d  s p h e r e s  
w i t h  d e f i n e d  b o u n d a r i e s ;  t h e  f o r c e  b e t w e e n  an  e l e c t r o n  a n d  
a n  a tom w i l l  f a l l  o f f  c o n t i n u o u s l y  w i t h  d i s t a n c e  a n d  n o t  
d r o p  s u d d e n l y  t o  z e r o  a t  some d e f i n i t e  s e p a r a t i o n ,  The beam 
l o s e s  c u r r e n t  s t r e n g t h  wheneve r  a n  e l e c t r o n  i s  d e v i a t e d  f r o m  
i t s  p a t h  o r  l o s e s  e n e r g y  o r  b o t h .  C l a s s i c a l l y ,  a s  l o n g  a s  a  
f i e l d  e x i s t s  b e t w e e n  a n  e l e c t r o n  and  atom, some d e v i a t i o n  
w i l l  o c c u r ,  I f  t h i s  i s  t r u e ,  t h e n  t h e  e f f e c t i v e  c r o s s - s e c -  
t i o n  of an  a tom w i l l  b e  i n f i n i t e  a n d  t h e  o b s e r v e d  v a l u e  i s  
l i m i t e d  by t h e  r e s o l v i n g  power of t h e  a p p a r a t u s .  I f  we t u r n  
t o  quan tum m e c h a n i c s  f o r  an  e x p l a n a t i o n  we do n o t  have  t h i s  
d i l emma ,  From t h e  quan tum u n c e r t a i n t y  p r i n c i p l e  a  d e f i n i t e  
v a l u e  of t h e  t o t a l  e f f e c t i v e  c r o s s - s e c t i o n  i s  t o  b e  e x p e c t e d ,  
p r o v i d e d  t h e  f o r c e  b e t w e e n  an  a tom and  e l e c t r o n  f a l l s  o f f  a t  
1 
l a r g e  s e p a r a t i o n  f a s t e r  t h a n  ; a n d  a  c e r t a i n  minimum r e -  
s o l v i n g  power i s  a c h i e v e d .  T h i s  means t h a t  d e v i a t i o n s  of a  
c e r t a i n  amount a r e  n o t  o b s e r v e d ,  Thus a  c o l l i s i o n  c r o s s -  
s e c t i o n  of a n  a tom i s  j u s t  a  f i c t i t i o u s  a r e a  and  t h a t  i f  a  
p a r t i c l e  p a s s e s  t h r o u g h  t h i s  a r e a  a  c o l l i s i o n  w i l l  r e s u l t ,  
T h i s  i m a g i n a r y  a r e a  A i s  c a l l e d  t h e  e f f e c t i v e  c r o s s - s e c t i o n  
of t h e  a tom.  
The q u e s t i o n  now a r i s e s ;  i s  t h e  c r o s s - s e c t i o n  o n l y  a  
f u n c t i o n  of t h e  g e o m e t r i c a l  c o n f i g u r a t i o n  of t h e  a tom.  A s  
a  c o n s e q u e n c e  of t h e  g r a d u a l  d e c r e a s e  of t h e  s c a t t e r i n g  
f i e l d  w i t h  d i s t a n c e  a s  c o n t r a s t e d  w i t h  t h e  r i g i d  s p h e r e  
c a s e ,  t h e  t o t a l  e f f e c t i v e  c r o s s - s e c t i o n  must  b e  e x p e c t e d  t o  
v a r y  w i t h  e l e c t r o n  v e l o c i t y ,  The v a r i a t i o n  of c o l l i s i o n  
c r o s s - s e c t i o n  of r a r e  g a s e s  w i t h  e n e r g y  h a s  b e e n  measu red  
e x p e r i m e n t a l l y  by many i n v e s t i g a t o r s ,  F i g u r e s  ( 1 1 , 1 2 1  show 
t h e  v a r i a t i o n  of c o l l i s i o n  c r o s s - s e c t i o n  f o r  e l a s t i c  c o l l i s -  
i o n  be tween  a r g o n  and  e l e c t r o n s .  The s t r a i g h t  l i n e  r e p r e s -  
e n t s  t h e  k i n e t i c  t h e o r y  v a l u e  of t h e  t o t a l  e f f e c t i v e  c r o s s -  
s e c t i o n ,  The m e a s u r e d  v a l u e s ,  however ,  show marked  d i f f e r -  
e n c e s  f r om t h o s e  b a s e d  on c l a s s i c a l  i d e a s .  The s l o w e r  t h e  
e l e c t r o n s  t h e  more  e f f e c t i v e l y  s h o u l d  t h e y  b e  s c a t t e r e d  by 
t h e  a t o m i c  f i e l d  a n d  h e n c e  t h e  l a r g e r  t h e  c r o s s - s e c t i o n .  On 
t h e  c o n t r a r y  a  p r o n o u n c e d  maximum i s  o b s e r v e d  f o r  e l e c t r o n s  
w i t h  e n e r g y  i n  t h e  n e i g h b o r h o o d  of 8 e v . ;  t h e  g a s  i s  p r a c -  
t i c a l l y  t r a n s p a r e n t  t o  e l e c t r o n s  a b o u t  - 6  ev ,  w h i l e  f o r  
s l o w e r  e l e c t r o n s  t h e  c r o s s - s e c t i o n  r i s e s  a g a i n .  The f a c t  
t h a t  some a toms  a r e  e f f e c t i v e l y  s m a l l e r  o b s t a c l e s  t o  f a s t e r  
t h a n  s l o w e r  e l e c t r o n s  i s  known a s  t h e  Ramsauer  e f f e c t .  
T h i s  e f f e c t  i s  by  n o  means t y p i c a l  o f  o t h e r  a t o m s .  
The Ramsauer e f f e c t  i s  somewhat a n a l o g o u s  t o  t h e  
t r a n s m i s s i o n  r e s o n a n c e s  o b t a i n e d  i n  t h e  o n e - d i m e n s i o n a l  
p o t e n t i a l  w e l l ,  I n  t h e  c a s e  whe re  t h e  e n e r g y  of t h e  e l e c -  
t r o n s  i s  g r e a t e r  t h a n  t h e  p o t e n t i a l  we would  e x p e c t  c l a s s i c -  
a l l y  t h a t  a l l  t h e  waves  would  b e  t r a n s m i t t e d ,  I n  quan tum 
m e c h a n i c s ,  however ,  some p a r t  of t h e  wave i s  r e f l e c t e d  a t  
t h e  s h a r p  e d g e s  of t h e  p o t e n t i a l .  I f  t h e  waves  r e f l e c t  
f r om t h e  s u r f a c e s  a n d  i n t e r f e r e  c o n s t r u c t i v e l y  w i t h  t h e  
oncoming waves  t h e  t r a n s m i t t e d  waves  a r e  r e i n f o r c e d .  Thus 
f o r  c e r t a i n  w a v e l e n g t h s  t h e  t r a n s m i s s i o n  c o e f f i c i e n t  i s  
u n i t y .  The a n a l o g y  however ,  i s  n o t  c o m p l e t e ,  b e c a u s e  t h e  
c o n d i t i o n  f o r  t h e  Ramsauer  e f f e c t  i s  n o t  e x a c t l y  t h e  same 
a s  t h a t  f o r  a  t r a n s m i s s i o n  r e s o n a n c e  i n  a  o n e - d i m e n s i o n a l  
w e l l .  The r e a s o n  f o r  t h e  d i f f e r e n c e  i s  t h a t  i n  t h e  one- 
d i m e n s i o n a l  c a s e  we d e f i n e  t h e  t r a n s m i t t e d  waves  a s  t o t a l  
w a v e s  t h a t  come t h r o u g h  t h e  w e l l .  I n  t h e  s c a t t e r i n g  p r o b -  
l e m  we h a v e  a n  i n c i d e n t  wave t h a t  a p p r o a c h e s  on t h e  w e l l .  
Some of it e n t e r s  t h e  w e l l  and some of i t  i s  r e f l e c t e d  a t  
t h e  e d g e  of t h e  w e l l .  The n e t  e f f e c t  i s  t o  p r o d u c e  a n  o u t -  
g o i n g  wave,  whose  p h a s e  d e p e n d s  on w h a t  h a p p e n s  t o  t h e  
wave a t  t h e  w e l l .  How much t h i s  o u t g o i n g  wave c o r r e s p o n d s  
t o  a  s c a t t e r e d  wave d e p e n d s  on how l a r g e  a  p h a s e  s h i f t  i t  
h a s  u n d e r g o n e  r e l a t i v e  t o  t h e  o u t - g o i n g  wave w h i c h  i s  p r e s -  
e n t  i n  t h e  a b s e n c e  of a  p o t e n t i a l ,  Thus  we s e e  t h a t  t h e  
i n t e n s i t y  of t h e  s c a t t e r e d  a n d  t r a n s m i t t e d  w a v e s  d e p e n d s  on 
somewhat d i f f e r e n t  p r o p e r t i e s  of t h e  p o t e n t i a l .  The v a n i s h -  
i n g  of t h e  c r o s s - s e c t i o n  i n  t h e  Ramsauer  e f f e c t  i s  a  r e s u l t  
of t h e  f a c t  t h a t  t h e  c o n t r i b u t i o n s  of d i f f e r e n t  p a r t s  of t h e  
p o t e n t i a l  a l l  a d d  u p  i n  s u c h  a  way a s  t o  p r o d u c e  a  wave t h a t  
c a n n o t  b e  d i s t i n g u i s h e d  f r o m  one  w h i c h  h a s  n o t  b e e n  i n s i d e  a  
p o t e n t i a l .  
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speed of sound S entropy 
collision cross-section t time 
magnetic induction T temperature 
speed of light U particle velocity 
specific heat at  
constant pressure  
electric field 
partition function 
Helmholtz f r ee  energy 
Gibb s function 
enthalpy 
current density 
internal partition 
function 
velocity 
mole fraction 
path length across tube 
attenuation factor 
dielectric constant 
stoichiometric coefficient 
cheri~ical potential 
obsolete activity 
statistical weight 
propagation constant W plasma frequency 
P 
Boltz-mannls constant W impressed frequency 
( 1 . 3 8 ~ 1 0 - ~ ~ e r ~ s / ~ K )  a degree of ionization 
equilibrium constant 
P density 
mean free path 
Y specific heat ratio 
mas s 
Mach number 
8 ionization potential 
v collision frequency 
C 
stoichiometric coefficient P magnetic permeability 
pressure  
charge 
7 gas constant (8,31x10 e rgs )  
moleok( 
